Abstract: In this paper, passively Q-switched fiber laser is demonstrated and the laser output energy is stabilized by using 2.4 m Erbium-doped fiber laser (EDFL) with a graphene oxide used as saturable absorber (GO-SA). According to the experimental results in the Q-switched configuration, the laser cavity emits a wavelength centered at 1,558.75 nm, and by inserting the GO-SA into EDFL cavity, hence, the laser output energy around 1.68 nJ with an FWHM pulse width of 2.3 µs at 123.5 kHz was achieved.
Introduction
The laser sources around 1.5 µm have an extensive technical applications, such as laser radar, optical communications, optical signal processing, two-photon microscopy, laser surgery and remote sensing. In 1980s, a development of low-loss rare earth-doped fibers led to the first reports of fiber lasers emitting output powers of the order of a few megawatts [1] . Since then, intensive research were carried out to achieve an average power outputs close to kilowatt range [2, 3] . In fiber lasers, long lengths of the fiber can be used to obtain high gain, due to the strength of nonlinear effects. Erbium (Er) dopants considered as one of the most common rare earth doped fiber lasers which is operating wavelength around 1.5 μm [4] . Recently saturable absorber (SA) was used to achieve ultrafast operation [5] . Carbon nanotubes (CNT) and graphene provides broad operation wavelength, picosecond recovery times [6] . CNT which demonstrated for the first time to have very fast saturable absorption [6] and be applicable to short pulse generation by passive mode locking of fiber lasers [7] [8] [9] [10] . Recently, Graphene was found to have very similar saturable absorption properties to the CNT and be applicable to laser mode locking [11, 12] .
Passively Q-switching can occur with SAs and it has the ability to produce high power optical pulses depending on the laser cavity condition. In some cases passively mode-locked fiber lasers and Passively Q-switching can occur at the same time. Where some works were reported using grapheme-based mode-locked solid-state laser [13] , and Q-switched fiber laser [14] . There are a several number of demonstration in EDFL in generating Q-switched pulses; such as using GO-SA in ring cavity with short EDF length, where pulses with a repetition rate of 61 kHz and pulse width of 6.6 μs and an average output power of about 3.7 mW were achieved [15] . Using single-wall carbon nanotubes (CNTs) in EDFL cavity and pulses with energy of 90.3 nJ and pulse width of 11.6 μs were achieved [16] . In 2015 a type of optical saturable absorber (SA) based on mechanically exfoliated black phosphorus (BP) was proposed and characterized in EDFL cavity for both passive Q-switching and passive mode-locking. The black phosphorus considered the most thermo-dynamically stable allotrope of phosphorus, due to its properties, where BP has a layer-dependent direct band-gap, and this makes it to fill up the space between semi-metallic graphene and wide band-gap transition-metal dichalcogenides [17] . However, peeling BPs off by mechanical exfoliation with high throughput, large size, desired thickness and controlled band-gaps remains challenge. In addition, longterm stability is another issue with BP. In 2016, a thin film with few layers of MoSe 2 was proposed as SA, tested in EDFL ring cavity [18] . Unfortunately, the output pulses disappear as the pump power increases which considered as the drawback of MoSe 2 [18] . Some of Q-switched demonstration in different cavity such as flashlamp pumped Nd: YAG laser [19] using liquid graphene oxide (GO) composite solution as saturable absorber, and 98.67 ns pulse width with an energy of 41.6 mJ were achieved. In addition black phosphorus was also tested in thulium/holmium-doped fiber laser cavity (THDFL), and nanosecond Q-switched fiber laser at 2 μm was reported [20] . Recently multilayer graphene as a saturable absorber was used to emit large emission cross section with beam-propagation factor of 1.7 and an output power of 2.2 W in passively Q-switched Ho: YVO4 laser with minimum pulse width of 265.2 ns and pulse repetition rate of 131.6 kHz at 2,052.1 nm [21] . Unfortunately, at high pump power the stability of the pulse train is not good, due to the observed heat on the graphene.
Experimental setup
To test the passively Q-switching GO-SA, we constructed an erbium-doped fiber ring laser with a cavity configuration as shown in Figure 1 . The fiber laser cavity is made of the standard fiber-optic components such as wavelength division multiplexer (WDM), coupler, optical isolator and erbium-doped fiber (EDF). The fiber laser operating in the anomalous dispersion regime has a ring cavity with a total length of 9.0 m, comprising a piece of 2.4 m erbium-doped fiber. The pump from a 980 nm laser diode (LD) source is coupled into the cavity through a 980/1550 wavelength-division multiplexer (WDM), and a 10 % fiber coupler is employed to output the laser emission. The laser output is extracted from a 10 dB optical coupler located after the SA, which releases about 10 % of the oscillating light from the ring cavity.
The output spectrum is analyzed by an optical spectrum analyzer (OSA) (Yokogawa: AQ6370B) of 0.02 nm resolution. After that, repetition rates and pulse train is analyzed by a 500 MHz digital oscilloscope with a bandwidth of 4 GHz (GWINSTEK:GDS-3352) combined with a 6 GHz bandwidth photo detector. Laser Diode Controller (Thorlabs: CLD101) are employed to simultaneously monitor the optical spectrum and the temporal evolution of the output pulse train.
Results and discussion
Based on erbium properties, the laser cavity emits a wavelength centered at 1,558.75 nm with a maximum power -32 dBm as shown in Figure 2 . Figure 3 shows the highest repetition rate obtained, 123.5 kHz at pump power 91 mW. Meanwhile the pulse width is narrowing from 10.3 µs to 2.3 µs as the pump power increases. Moreover, as the pump increases over 91 mW, the Q-switched pulses became unstable and disappear. The probable reason for the unstable Q-switching possibly was the over saturation of the SA at higher pump intensity. Figure 4 presents the relationship between the laser output power and the pump power. Clearly, there is a positive relationship, when the pump power is 48 mW, the maximum output power achieved is 0.136 mW, while the maximum pulse energy was 1.68 nJ. Figure 5 shows the pulse train at maximum pump power with enlarge pulse period in range of 7.0 µs and narrowest pulse width is achieved to 2.3 µs. The pulse train shows negative intensity at zero state (non-light state) due to lack of current in the photo-detector.
In Figure 6 the corresponding radio frequency spectrum shows the highest frequency 123.5 kHz, which has a high signal-to-noise ratio (SNR) up to 48 dB. The RF spectrum shows the peak of fundamental frequency decreased moderately until peak 9th harmonic. This spectrum indicates that the laser cavity operates in the stable regime.
Conclusion
In conclusion, we have experimentally demonstrated Q-switching EDFL using GO as saturable absorber. The experiment results show that, the repetition rate of the Q-switched laser increases from 51.8 to 123.5 kHz, with a maximum pulse energy 1.68 nJ at pump power of 48 mW, whereas the pulse width decreases from 10.3 to 2.3 µs. The received signal to noise ratio of RF spectrum is about 48 dB. Hence, the highest Q-switched repetition rate at the lowest pump power was achieved as compared to other demonstration. 
